Examining the spatiotemporal dynamics of proteins can reveal their functional importance in various contexts. In this article, it is discussed how fluorescent recovery after photobleaching (FRAP) and photoactivation techniques can be used to study the spatiotemporal dynamics of proteins in subcellular locations. We also show how these techniques enable straightforward determination of various parameters linked to actin cytoskeletal regulation and cell motility. Moreover, the microinjection of cells is additionally described as an alternative treatment (potentially preceding or complementing the aforementioned photomanipulation techniques) to trigger instantaneous effects of translocated proteins on cell morphology and function. Micromanipulation such as protein injection or local application of plasma membrane-permeable drugs or cytoskeletal inhibitors can serve as powerful tool to record immediate consequences of a given treatment on cell behavior at the single cell and subcellular level. This is exemplified here by immediate induction of lamellipodial cell edge protrusion by the injection of recombinant Rac1 protein, as established a quarter-century ago. In addition, we provide a protocol for determining the turnover of enhanced green fluorescent protein (EGFP)-VASP, an actin filament polymerase prominently accumulating at lamellipodial tips of B16-F1 cells, employing FRAP and including associated data analysis and curve fitting. We also present guidelines for estimating the rates of lamellipodial actin network polymerization, as exemplified by cells expressing EGFP-tagged β-actin. Finally, instructions are given for how to investigate the rates of actin monomer mobility within the cell cytoplasm, followed by actin incorporation at sites of rapid filament assembly, such as the tips of protruding lamellipodia, using photoactivation approaches. None of these protocols is restricted to components or regulators of the actin cytoskeleton, but can easily be extended to explore in analogous fashion the spatiotemporal dynamics and function of proteins in various different subcellular structures or functional contexts.
Introduction
Monitoring the spatiotemporal dynamics of proteins and other molecules in living cells has become an essential tool in many fields of cell and molecular biology. Advanced fluorescence microscopy techniques including fluorescence resonance energy transfer (FRET) and FRETfluorescence lifetime imaging (FRET-FLIM), or FRAP, fluorescence loss in photobleaching (FLIP) and photoactivation as well as many others allow for the temporal and spatial tracking of protein-protein interactions, conformational changes, as well as determining the kinetics of diffusion and localization of different proteins in the cell 1, 2 . FRAP and photoactivation techniques, in particular, are widely applicable for examining the regulators of the actin cytoskeleton and cell migration. These techniques can be applied alone or in combination with additional micromanipulation techniques such as microinjection 3 , and involve the expression of fluorescently-labeled proteins. They allow the estimation of the kinetics of protein association to actin-rich structures involved in cell migration, such as filopodia or lamellipodia, the turnover of proteins in focal adhesions 4 , or branched actin networks 5 . They also enable the determination of lamellipodial actin polymerization rates, the assessment of the dispersion of monomeric actin within the cytosol, the rate of subcellular actin monomer translocation to polymerizing actin filaments in protruding lamellipodia 6 , and other parameters.
FRAP is a method for visualizing and quantifying the mobility of proteins within a living cell, originally developed in the 1970s by Axelrod 7 . A region of interest (ROI) within a cell, populated with fluorescently-labeled proteins, is transiently exposed to a laser of high intensity, sufficient to cause bleaching of the fluorophore molecules present in this region during a given short period of time. The unbleached, fluorescently labeled proteins located outside the ROI during bleaching, will diffuse and infiltrate the bleached region depending on their spatiotemporal dynamics, causing the displacement of photobleached molecules over time. The rate of fluorescence recovery in bleached regions is dependent on various factors, including the size and the rate of diffusion of a given molecule, and of course its turnover rate within the putative associated bleached structure. Thus, soluble proteins will mediate the recovery of fluorescence within the bleached ROI rapidly through diffusion, while proteins tightly associated with structures, such as focal adhesions, will have longer turnover times, as their fluorescence recovery will depend both on the diffusion of the soluble fraction of the protein and dissociation-association kinetics of the structure-associated fraction. Fluorescence recovery is usually acquired and quantified until the initial level of pre-bleach intensity of fluorescence is reached. However, this does not occur if a part of the initial fluorescence intensity belongs to the so-called immobile fraction, which is unable to be replenished by diffusion or is replenishing , which is mutated in a manner that allows its fluorescence to be highly increased upon exposure to ultraviolet (UV) light (around 400 nm; here, 405 nm). As described by Patterson et al., wild-type GFP chromophores exist as a mixed population of neutral phenols and anionic phenolates, which produce a major absorbance peak at approximately 397 nm and a minor one at 475 nm, respectively. Upon irradiation of the protein with UV light, the population undergoes photoconversion, shifting towards the anionic form. When excited by 488 nm, the photoconverted/ photoactivated protein exhibits a 3-fold increase in fluorescence, insufficient in practice for distinguishing between activated and non-activated GFP due to the high intrinsic background fluorescence. However, a decrease in background intensity has been achieved by introducing a single amino acid mutation into the GFP sequence (histidine substitution at position 203). The resulting T203H mutant, also known as photoactivatable-GFP (PA-GFP) is characterized by a significant reduction in absorbance of the minor peak, which upon irradiation with UV light is increased nearly 100-fold when subsequently excited by 488 nm light. Hence, overexpression of PA-GFP-tagged proteins is a widely used approach, which allows the determination of diffusion and motility of molecules within cells. We have previously applied PA-GFP-tagged actin to determine the rate of dispersion of actin monomers away from cytosolic regions, allowing not only exploration of their mobility within the cytosol, but also their incorporation rate into the protruding lamellipodial actin network 6 . More recent literature also describes novel, photo-convertible proteins that can in principle be used in an analogous fashion, but harboring the potential advantage to be visible already before photo-conversion. Examples for this group of fluorescent proteins include Dendra2 and mEos2 9, 10, 11, 12 .
In this article, we explain the methodology of microinjecting cells with proteins. We further explain how this technique can be combined with FRAP, by photobleaching proteins involved in actin cytoskeleton regulation and motility, and how FRAP curves and half-time of recovery of mobile fractions can be derived. In addition, we provide an example of how the FRAP technique can be used to determine actin polymerization rates of lamellipodial networks. We also provide instructions and tips on how to perform photoactivation experiments, which can be used to determine cytosolic mobility of monomeric actin and rates of actin incorporation into lamellipodia. These techniques, of course, are not only limited to tracking actin cytoskeleton components, but upon potentially required moderate adaption or optimization, can be widely applied to other cell types or to investigate different proteins, structures, and parameters.
Protocol

Coverslip Washing and Sterilization
1. Immerse 15 mm (diameter) cover glasses (no.1) in a 500 mL flask containing a mixture of 40 mL 37% HCl and 60 mL 100% EtOH (not more than 100 coverslips per 100 mL washing solution). NOTE: Even if freshly purchased, coverslips must be stringently cleaned before seeding cells onto their surfaces. This is because they may contain thin films of grease, which are macroscopically invisible, but can efficiently interfere with adhesion and appropriate spreading of live cells. Whereas such films can be efficiently removed with solutions containing acid or base (see Fischer et al. 13 ), we routinely use the acid/ alcohol mixture described above. 2. Shake the flask containing the cover glasses for 30 min on a rotation shaker. Choose a speed that allows the cover glasses to be swirled freely, but slow enough to avoid frequent breaking. Filtrate the solution to remove broken glass pieces if reusing. 3. Transfer the cover glasses to a flask containing at least 200 mL of sterile water and incubate on a rotation shaker, while repeatedly replacing the water until the acidic smell has vanished. Multiple washes over several hours are recommended for complete elimination of HCL-EtOH traces. 4. Dry individual cover glasses on a sheet of filter paper. 5. Place the cover glasses at the bottom of a 10 cm (diameter) Petri dish covered with filter paper, and heat dry-sterilize. Avoid autoclaving as this will cause cover glasses to stick together.
Treatment of Cells, Transfection, and Seeding onto Coverslips
1. Grow B16-F1 mouse melanoma cells according to standard cell culture conditions in DMEM (4.5 g/L glucose) containing 10% fetal calf serum, 2 mM glutamine, and 1% penicillin-streptomycin at 37 °C, 7% CO 2 . 2. Grow NIH3T3 fibroblast cells for microinjections according to standard cell culture conditions (tissue culture incubator at 37 °C, 7% CO 2 ) in DMEM (4.5 g/L glucose) containing 10% fetal bovine serum, 1 mM sodium pyruvate, 1x MEM non-essential amino acids, 2 mM glutamine, and 1% penicillin-streptomycin. 3. For transfections, grow B16-F1 cells to 100% confluence in a 10 cm dish and passage at a 1:5 ratio into a 3 cm (diameter) plastic dish. 4. On the same day, after the B16-F1 cells were allowed to adhere for at least 6 h, transfect with 500 ng/dish of photoactivatable PA-GFP-actin or EGFP-tagged β-actin plasmid DNA. For co-transfections of PA-GFP-actin with mCherry-encoding vectors, mix a total of 1 µg of plasmid DNA per 3 cm dish. 5. Transfect the B16-F1 cells with the transfection reagent (Table of Materials). For a 3 cm dish, mix 200 µL of 150 mM NaCl containing 500 ng of DNA construct with 200 µL of 150 mM NaCl containing 1 µL of transfection reagent (i.e., DNA (µg):reagent (µL) ratio of 1:2 was used). 6. Incubate the transfection mixture for 20 min at room temperature (RT) and pipet drop-wise onto the 3 cm dish containing the cells. Gently swirl the dish to mix and incubate overnight at 37 °C, 7% CO 2 .
Microinjection Procedure
1. Coat the coverslips, prepare the cells, and assemble the imaging chamber as described above. 2. Thaw an aliquot of purified protein to be injected (typically 10 µL or less) and dilute it with the appropriate microinjection buffer. NOTE: Buffer composition may vary according to protein and cell type, but take care to use a pH between 6.95 and 8.00 and avoid using PBS, as most cell don't like to be injected with PBS. 3. For Rac1 microinjection, prepare buffer containing 100 mM NaCl, 50 mM Tris-HCl pH 7.5, 5 mM MgCl 2 , 1 mM DTT. The Mg 2+ ions are essential for small GTPase stability. NOTE: Protein concentrations normally vary between 0.1-1 mg/mL (maximum 2 mg/mL), depending on the protein, type of experiment, and cell type. 4. If applicable, add fluorescent dye, such as inert dextran (0.5 µg/mL, 70 kDa) to the protein solution, which can confirm the presence of needle flow before injections and permits the documentation of successful injections after the experiment. NOTE: The experiment here is not aimed at following the dynamics of injected Rac1, which would only be possible upon direct fluorescence labeling of the protein. Coupling of proteins with fluorescent dyes or fusion to a fluorescent protein is possible, but avoided here as it harbors the risk of interfering with the signaling function, in particular of small proteins like the Rho-family GTPase Rac1 (20 kDa). 5. Centrifuge the protein solution at 10,000 x g for at least 30 min to remove protein aggregates that can lead to needle clogging if present in the microinjection capillary. 6. Load a microinjection needle (microinjection capillary) with 1 µL of injection mixture from the back side using a flexible pipette tip/microloader tip. 7. If air bubbles are present in the needle tip, gently tap the needle base in order to remove them. Proceed rapidly to avoid drying of the needle tip, which could cause needle clogging. 8. Carefully adjust the needle holder on the micromanipulation device. If using an inverted microscope for phase contrast imaging, before the needle loading, ensure there is enough space to move the needle up and down without obstructing the microscope condenser. 9. Upon screwing the microcapillary onto the needle holder, apply pressure (20-50 hPa background pressure) to the needle using a microinjection pressure device before translocating the needle tip into the cell culture medium. NOTE: Activating the pressure when the needle is in the medium will result in the medium being sucked up by capillary force, and thus prohibit injection of the solution of interest. 10. Position the needle in the field of view (facilitated by using low magnification objectives). A 40X dry objective for microinjection experiments was used here. 11. Position the needle tip macroscopically in a vertical position relative to the middle of the objective lens (this will accelerate finding the needle tip). Use the microscope with phase-contrast optics to move the needle tip in the horizontal plane relative to the field of view, at an optical plane well-above the cell layer. NOTE: The needle will initially appear as a shadow in the field of view and the focus plane can then be adjusted to visualize the tip. Once the tip of the needle is found, gradually lower the optical plane followed by the needle tip down to a position close to the cell layer. 12. Check the needle flow by switching to a fluorescent channel when using fluorescent dextran, and tune the flow using the pressure device to obtain a constant "background" flow. NOTE: In this article, we describe manual injection, which is mediated by breaking through the plasma membrane via touching the cell surface and gentle movement of the needle tip during constant needle flow. This must be distinguished from automatic injection devices accompanied by programmed needle lowering and needle pressure increase during injection events, which are more appropriate for the injection of higher cell numbers followed by a later cell population analysis. The method described here is optimized for single cell analysis by time-lapse microscopy before, during, and after the microinjection. 13. Find a cell of interest and gradually lower the needle above the cell. 14. When ready to microinject, lower the needle gradually towards the cell perinuclear region using the fine pinion of the micromanipulator joystick, while keeping the cells in focus. 15. For microinjection, gently touch the plasma membrane of the cell, which may suffice to penetrate the cell, or aid transient membrane rupture by a very gentle tap on the microscope setup. NOTE: A white dot at the needle tip will indicate the time of contact with the plasma membrane; following membrane rupture, the needle tip will reseal, accompanied by a gentle flow of injection solution into the cell. 16. Stop the injection process as soon as flow into the cell is visible (ideally within 0.3 s) by moving up the needle tip into the medium. When using fluorescent dextran, successful injections can be immediately documented by fluorescence. 17. If desired, initiate time-lapse image acquisition before or after the microinjection.
NOTE: Local application of drugs or inhibitors can be executed at all steps here, except for the microinjection event per se. For local applications, the diffusion of the active molecule can be controlled by flow pressure, and documented by fluorescence, and the needle tip can be positioned at the desired height. For examples of local application experiments, see e.g., Small and Rottner 14 or Kaverina et al. 15 18. Following the microinjection, wait until the effect of the protein occurs. For different proteins and depending on the expected outcome, incubation times may vary. For the small GTPase Rac1, the response of lamellipodium formation can be initiated within 1 min or less, but takes approximately 10-15 min on average to fully develop (Figure 1g, h ).
Judge the viability of cells following the microinjection.
NOTE: Inappropriate or harmful injections can cause cell damage, which is frequently accompanied by non-specific cell-edge retraction or plasma membrane rupture. 1. Avoid poking through both the top and bottom plasma membrane, which can occur for injections in flat cellular regions. NOTE: Injection volumes should be kept to a minimum (ideally <5% of the cellular volume) and will usually be in the femtoliter range. Required injection volumes can also be controlled by changes in concentration, but note that for proteins, concentrations >2 mg/ mL may become impractical due to frequent needle clogging. However, this also depends on the quality and behavior of the purified protein; e.g., injection of fluorescently-coupled actin is complicated by concentration-dependent and unavoidable polymerization in the needle tip, and so it is rarely executed today (see Small et al. 16 ).
20. Before, during, or after the effect of the microinjection, FRAP or photoactivation can be performed on the same cell (see Section 5 and 6). If not, either refocus or adjust the laser hardware. 6. Perform the calibration by manually guiding the laser to pre-determined software X-Y coordinates. This instructs the software how to specifically target the laser to a user-defined region for the current magnification. 7. Before triggering the laser, switch to the GFP channel and initiate image/time lapse acquisition. 8. Manually draw the region to be photobleached on the GFP channel, while viewing the display. 9. Initiate photobleaching by a manual trigger of the 405 nm laser, at least 3-4 frames after initiation of image acquisition. Acquiring frames prior to photobleaching is required for normalization of the image in later data analysis.
FRAP Procedure
Photoactivation Procedure
NOTE: Software, microscope setup, and settings, except for the laser power, are similar to those for FRAP. In photoactivation, an important difference as compared to FRAP, is that a 405nm-laser power significantly lower than that employed for photobleaching must be used, to activate PA-GFP without simultaneously photobleaching it.
1. Co-transfect the cell type of interest (B16-F1 cells here; see step 2.5) with plasmid DNA encoding PA-GFP-actin and another fluorescentlylabeled protein (e.g., mCherry or mCherry-Lifeact). NOTE: In most cases, mCherry-positive cells will also be positive for the PA-GFP-actin vector, the latter not normally seen on the GFP channel prior to photoactivation. To enhance the chance that the mCherry-positive cells are also positive for PA-GFP, use a 1:2 transfection ratio of mCherry:PA-GFP-actin. Following this protocol, more than 90% of the cells expressing mCherry displayed successful activation of PA-GFP-actin. 2. Seed the B16-F1 cells onto laminin-coated coverslips (step 2.10). 3. Assemble the imaging chamber (Section 3). 4. Before initiating the photoactivation experiments, if needed, perform the laser calibration for the selected objective (step 5.4-5.6). 5. Set the GFP/488 nm image acquisition to 500 ms exposure and 1,500 ms time interval (depending on the experimental design). 6. Adjust the software settings for acquiring either dual-channel or triple-channel time-lapse movies by marking the "Wavelength series" square and selecting the desired number of channels in the "Acquire | Wavelength" menu. It is recommended that the time lapse movies are acquired with phase contrast and GFP channels.
1. Optionally, also include the mCherry channel; however, exposing cells with too much light might induce photodamage. This could be avoided with oxygen scavengers such as Oxyrase 17 , although effective treatment requires cell chamber sealing.
7. Find the transfected cells on the mCherry channel. 8. Before triggering the laser, initiate image/time lapse acquisition and manually draw the region to be photoactivated on the phase contrast channel, while viewing the display. 9. Initiate photoactivation by a manual trigger of the 405 nm laser (intensity set between 5-15 mW from the "Panel | Intensity" menu), at least 3-4 frames after image acquisition initiation.
Data Analysis and Presentation of FRAP Results
NOTE:
The method presented is used for investigating the turnover of a protein accumulating at sites of dynamic actin assembly, in this case VASP, which associates with adhesion sites and the tips of protruding lamellipodia. We are analyzing its turnover at the lamellipodium tip, but the same principles of analysis can be applied for investigating the turnover of VASP or any other protein and other subcellular compartments.
1. Open the time-lapse movies derived from Visiview on the Metamorph software. In this article, Metamorph v7.8.10 was used. 
Determining the Lamellipodial Actin Polymerization Rate by FRAP
1. To determine the lamellipodial actin polymerization rate, transfect B16-F1 cells with EGFP-tagged β-actin, and photobleach the lamellipodial region (step 5.9) using 1.5 s time interval and 500 ms GFP exposure. 2. In Metamorph, open the time-lapse movies acquired from Visiview and calibrate the pixel/µm ratio according to the objective used by the "Measure| Calibrate distances" tool. 3. Play the time-lapse movie and stop it on the frame when the lamellipodial fluorescence recovery, which flows backwards towards the lamella as a line, has reached the lamella and no further rearward flow can be tracked.
4. Measure the distance in µm between the tip of the lamellipodium and the back of recovered fluorescence. This distance corresponds to the sum of the retrograde flow and protrusion distances. 5. Alternatively, to separate the protrusion from retrograde flow, mark the lamellipodial tip with a line one frame before the photobleaching. Use the line as a reference point in subsequent frames to refer to the original position of the lamellipodium tip at the time of photobleaching; the reference point can be used to measure the protrusion distance and retrograde flow. 6. Note the time (in seconds) required for fluorescence recovery after photobleaching to occur. The time can be calculated manually from the frame rate or visualized by Metamorph through the "Measure | Region measurements" tool. 7. Derive the actin polymerization rate by using the following equation (with some equation parameters based on Metamorph measurements from steps 8.4 and 8.6):
Equation 6
where actin polymerization rate is in µm/min, retrograde flow distance is in µm, lamellipodial protrusion distance is in µm, and time is in seconds.
Analysis of Protein Diffusion and Mobility Upon Photoactivation
NOTE: The method presented here describes the analysis of actin monomer mobility by employing photoactivation of actin fused to PA-GFP, as illustrated by visualization and quantification of protein diffusion through the cytosol.
1. For measuring the diffusion of photoactivatable actin away from a cytosolic region, as well as the accumulation within a lamellipodial region, use Metamorph to determine the intensity over time in the following regions (illustrated in Figure 3a ): a cytosolic photoactivated region (PA); a lamellipodial region, in which photoactivated proteins are expected to accumulate over time (Lam); a region outside of the cell used for normalization of background fluorescence (OUT). 2. When determining the mobility of actin within the cytosol, measure distinct cytosolic regions (see Figure 3a , regions R1-R5). Note that the photobleaching acquisition cannot be determined in a similar fashion to FRAP, due to an increase in focal-and eventually cell-wide fluorescence upon activation. 3. Transfer the intensity values for all regions from Metamorph into an Excel spreadsheet, as described in step 7.4. 4. For examining the rate of displacement of photoactivatable actin away from the cytosolic region of photoactivation or its rate of incorporation within a lamellipodial region (both represented as percent intensity of the cytosolic photoactivated region at time 0), generate fluorescence curves from the data in step 9.3. Apply the following equations:
Equation 7
Equation 8 where: PA Tn is the intensity of a cytosolic photoactivated region for each frame of interest following photoactivation; LAM Tn is the intensity of a lamellipodial region for each frame of interest following photoactivation; OUT Tn is the intensity of a region taken outside of the cell (background) for each frame of interest following photoactivation; PA T-1 is the intensity of a cytosolic photoactivated region before photoactivation; LAM T-1 is the intensity of a lamellipodial region before photoactivation; OUT T-1 is the intensity of a region taken outside of the cell (background) before photoactivation; PA T0 is the intensity of a cytosolic photoactivated region at time 0 (i.e., first frame after photoactivation); and OUT T0 is the intensity of a region taken outside of the cell (background) at time 0 (i.e., first frame after photoactivation).
5. Optionally, for better visualization of the data, normalize the intensity curves to 0 by subtracting the intensity of the first frame after photoactivation from each subsequent frame. NOTE: The following analysis method (steps 9.6-9.8) also allows calculating the cytosolic dispersion of photoactivated actin within the cytosol. 6. Measure the intensities for cytosolic regions, which are consecutively positioned distally from the activation region. 7. To represent the intensities of these regions as percent intensity of the photoactivated region at time 0, apply Equation 8, where lamellipodial intensities are replaced with intensities for each cytosolic ROI. The size and number of the regions may vary depending on cell size and dispersal distance to be measured. 
Representative Results
Figure 1g, h show phase contrast images of an NIH3T3 fibroblast cell prior and 10 min post-microinjection of Rac1, which is a small Rhofamily GTPase capable of inducing lamellipodia formation through its interaction with the WAVE complex. The cell is first visualized before the microinjection (Figure 1g) , to confirm its viability and morphology, e.g., lack of lamellipodia. At 10 min post-microinjection, the cell has clearly changed its morphology, which is expected from this treatment, and indicates a successful injection (Figure 1h ).
For simplicity and clarity, we next provide exemplary results for FRAP and photoactivation analysis in cells, which have not been additionally microinjected.
. The fluorescence intensity of a lamellipodial region with a clear VASP accumulation at the tip was bleached and measured for each time frame, by following the contour of the ROI before, during, and after bleaching as the lamellipodium protrudes forwards. As bleached EGFP-VASP proteins are being recycled by non-bleached molecules at these sites, gradual recovery of fluorescence is observed (Figure 2b) . The FRAP recovery curve obtained in this fashion and normalized to the pre-bleach intensity (expressed as 1) can be seen in Figure 2c . Photobleaching efficiency can vary and was approximately 20% of the value before bleaching in this example, as determined from the value at t0 (the first frame after photobleaching). The increase of fluorescence reaches a plateau in the example shown at roughly 80% of the fluorescence before bleaching. In a static structure during the time course of the experiment, such as a focal adhesion, the difference between the pre-bleach intensity and the plateau fluorescence reached after recovery is defined as the immobile fraction (IF, red arrow in Figure 2c, e) , whereas the amount of fluorescence recovered between the time of bleaching and full recovery is defined as the mobile fraction (green double-headed arrow in Figure 2c, e) . Note that in a dynamically changing structure such as the lamellipodium tip analyzed here, the extent of the IF might not only represent immobile molecules, but also derive from a reduction of protrusion speed, as EGFP-VASP intensity is known to depend on this parameter 18 . To calculate the half-time of recovery, a fit curve was created on Sigma plot (Figure 2d) . In this case, the value of the "b" parameter extracted from solving Equation 2 is equal to 0.0754, which when applied to the logarithmic function (Equation 4) results in an estimated half-time of recovery of 9.19 s (Figure 2d, far right panel) , which is relatively fast in this particular cell as compared to the average published previously 5 . It must be noted that recovery half-times may sometimes vary significantly from cell to cell within the same population. Therefore, for obtaining representative results, we recommend determining this parameter as an average from at least 15-20 cells. To illustrate the degree of variance, arithmetic means of EGFP-VASP recovery averaged from 15 cells for each timepoint were generated (Figure 2e) , and average curve fits created and displayed in an analogous fashion (Figure 2f) .
The polymerization rate of the lamellipodial actin network comprises the sum of forward network protrusion and retrograde flow. FRAP can be applied for measuring the actin polymerization rate by transfecting cells (in this case B16-F1) with EGFP-tagged β-actin and photobleaching a protruding lamellipodial region (Figure 2g ). For analysis of lamellipodial actin network polymerization, the fluorescence recovery upon bleaching of EGFP-tagged β-actin is assessed over time. As the polymerization of actin monomers progresses at the barbed ends of lamellipodial actin filaments (which all point towards the front 20 ), the network is constantly translocated rearwards and progressing forwards, the rates of which can be easily obtained through polarized recovery of fluorescence upon photobleaching. Fluorescence recovery of the lamellipodium is complete as soon as the bleached zone has reached the transition zone between the rear part of the lamellipodium and the lamella, which is characterized by a lower density of more horizontally-arranged filament bundles turning over much more slowly than what is observed in the lamellipodium. As illustrated in Figure 2g , fluorescence recovery can be visualized as a line horizontal to the edge and flowing backwards towards the lamella, which allows measuring the distances of protrusion and retrograde flow (individually represented in the far right panel of Figure 2g as orange and red double-headed arrows, respectively).
We have also applied photoactivation in B16-F1 cells transfected with PA-GFP-actin to track the mobility of actin monomers within the cytosol and the rate of their incorporation within protruding lamellipodia. As illustrated in Figure 3a , b, a cytosolic region was photoactivated by exposure to a 405 nm laser, while images were acquired on the GFP channel every 1.5 s for visualizing the distribution of GFP-tagged, photoactivated actin. Photoactivated GFP-actin can be seen diffusing out of the cytosolic region in Figure 3b . The rate of fluorescence intensity decrease in the photoactivated cytosolic region is represented as the percentage of the initial intensity at t0 (first frame after photoactivation; Figure 3c ). Photoactivated actin also integrates at the tips of lamellipodia, where new actin monomers are added to the growing barbed ends of elongating actin filaments during protrusion. To estimate the rate of lamellipodial incorporation, we measured the fluorescence intensity over time of a two-dimensional contour/region of approximately 5 µm in width and 1 µm in height; the region was constantly re-positioned at the tip of the lamellipodium as it protruded. Actin incorporation was represented as the percentage of fluorescence intensity of the photoactivated cytosolic region at t0 (Figure 3d) . As elongation of actin filaments progressed, new actin monomers were incorporated at the lamellipodial front. A fraction of these actin monomers was stochastically derived from the cytosolic pool where monomers were photoactivated. This results in the rapid increase of fluorescence in lamellipodia in the first 20 s after photoactivation. As new monomers are being added to the lamellipodial front, previously incorporated actin monomers flow with filaments towards the lamella by retrograde flow. Over time, the ROI is completely filled with fluorescent monomers and a plateau in fluorescence is reached (Figure 3d) . A gradual drop in fluorescence is then observed when, following diffusion of photoactivated monomers throughout the cell, non-photoactivated actin monomers are increasingly being re-added to the lamellipodial front. This decrease in fluorescence will find a new plateau, which will be reached as soon as a balance in the entire cell between photoactivated and non-photoactivated monomers is reached (data not shown).
The mobility of actin monomers throughout the cytosol was derived by measuring fluorescence intensities in regions of equal size positioned distally from the photoactivated region (exemplified on Figure 3a by color coded regions labeled R1-R5). As illustrated in Figure 3e , fluorescence intensity in each of these regions is gradually decreasing away from the cytosolically photoactivated region, as the fraction of photoactivated actin monomers becomes increasingly diluted with non-activated (i.e., non-fluorescent) monomers. Furthermore, the peak of fluorescence is reached later: the more distant the measured region is located from the photoactivated region, the longer the time that is required for actin monomers to diffuse into these regions. A representative value for the degree of actin monomer infiltration into each region can be derived by quantifying the half time of reaching the fluorescence plateau. The more distant the region, the longer it takes for the photoactivated actin to diffuse into it, and thus more time is required for the fluorescent plateau to be reached, ultimately leading to a higher t 1/2 value (Figure  3e ). 
Discussion
Here we discuss critical steps in the techniques described in this article, and how they can be optimized for application in different experimental conditions.
Microinjection is a method that can be applied to monitor in cells the instant effects from introducing exogenous proteins, inhibitors, or drugs. It can be particularly advantageous for determining the functions of proteins in difficult to transfect cell types or in situations when long-term expression is not desired. It must be noted that survival of certain cell types varies depending on the extracellular matrix they are seeded on. Most endothelial, epithelial, or fibroblast-like cell types, even small ones like fish keratocytes (see Dang et al. 21 and Anderson and Cross
22
) can be successfully injected. However, there are exceptions, such as B16-F1 cells seeded on laminin, which constitute an excellent model system of cell migration, but are incompatible with injection on this type of substratum for unknown reason. For NIH3T3 fibroblast cells, we routinely perform injections on fibronectin substratum, and additional photomanipulation techniques such as FRAP (even with photoactivation; shown for B16-F1 cells here) can be equally well performed in these fibroblasts (see e.g., Köstler et al. 3 ). It must also be considered that different proteins, according to their functional properties and the experiment goals, may take different amounts of time to cause changes, varying from seconds to hours. An advantage of the technique is that the dosage/concentration of exogenous agent can be controlled more accurately at the single cell level than e.g., when using plasmid transfection. In addition, fluorescent tagging of a protein is not a necessity to guarantee its presence in the cell, which can increase flexibility if simultaneous multi-channel visualization of other fluorescently-tagged proteins is required. Microinjection can be particularly useful for analyzing instant effects of specific proteins or protein mixtures on dynamic changes of cell morphology or the cytoskeleton (e.g., Dang et al. 21 for an example of instant effects on migration by the Arp2/3 complex inhibitor Arpin). A disadvantage of the technique is its invasiveness, which can cause cell damage or influence cell morphology. Therefore, an important consideration when performing microinjections is monitoring the cell viability. The method introduced here relies on manual manipulation. In conditions tested to be compatible with successful injections, such as fibroblasts growing on fibronectin substratum, the manual injection protocol described here allows a near 100% success rate; this is essential when combining this approach with sophisticated and time-consuming follow-up experiments including video microscopy or FRAP, as published previously .
When determining the protein turnover rate by FRAP, the intensity of the laser must be optimized, depending on the microscope setup and imaging conditions (magnification, objectives, etc., as well as the cell type, structure, and fluorescent protein for photobleaching). Note that at optimal laser power, efficient bleaching is combined with the least possible photodamage, to avoid shrinkage or complete retraction of the structure under analysis (e.g., lamellipodia or filopodia) or even damage at the cellular level. Ideally, at least 70-80% of bleaching efficiency should be achieved, although complete bleaching may be hampered by extremely rapid turnover of the protein, in which case, anything above 50% might also be acceptable. Optimal bleaching power for a given structure and fluorescent dye should be experimentally tested, starting from a low laser power followed by its gradual increase. Of course, any fluorescent dye can by definition be bleached with laser light close to its peak of excitation (488 nm for frequently used green dyes such as FITC or EGFP). However, lasers with shorter wavelengths, such as near-UV lasers, deliver higher powers and can thus also be used for efficient bleaching of commonly used dyes. We routinely employ a 405 nm diode laser (120 mW) for bleaching of both EGFP and red fluorescent dyes (such as mCherry), albeit with slightly lower efficiency in case of the latter (data not shown). As the 405 nm-diode can also be used for photoactivation of PA-GFP (see below), it endows this system with maximal flexibility.
For the B16-F1 cell structures and fluorescent proteins photobleached here, 405 nm-laser powers between 65-100 mW were applied. When analyzing a photobleached region, it is important to consider whether the given structure is preserved in its original shape over the analysis time period. For instance, when analyzing turnover of proteins at lamellipodia tips, care should be taken whether the curvature of lamellipodia is significantly altered over time, as changes in curvature might lead to inaccurate results if the region/contour analyzed does not fully encompass the entirety of the structure in each measured frame. In addition, it should be noted that bundles embedded into lamellipodia, such as microspikes, might cause deviations in fluorescence intensity. As illustrated in Figure 2b (white arrow in 9 s time frame), a microspikelike structure is situated next to the measured photobleached region, but remains outside of it throughout the duration of measurement, and thus does not cause any inaccuracy. For analysis of protein turnover, important considerations when selecting location and size of analyzed regions are that their fluorescence over time should not be significantly influenced by changes in cell morphology or factors other than hard to avoid acquisition photobleaching. For instance, structures providing significant quantitative contribution to the analyzed structure should not move out of the measured region during analysis; in addition, unrelated, fluorescent entities such as vesicular structures that attract the protein should not enter the field of interest during analysis. For determining the rate of lamellipodial actin polymerization, care should be taken that no retracting or ruffling (i.e., upwards folding) lamellipodia are analyzed, as this will strongly influence the accuracy of the results. In addition, retraction of lamellipodial regions might appear as rapid rearward translocation, potentially leading to overestimation of rates of lamellipodial actin polymerization. An additional consideration is the distance of intracellular normalization regions (taken as reference positions for the correction of acquisition photobleaching) from the actual position of photobleaching, which should be large enough to avoid direct influence by the photobleached area.
When setting up optimal conditions for photoactivation of PA-GFP-tagged constructs, care should be taken to avoid instant bleaching during photoactivation. In our work, the best results were obtained with laser powers 5-10 times lower than normally employed for bleaching of EGFP. For image acquisition of photoactivated molecules, exposure time and time interval between frames should be optimized by considering the size of regions and structures to be photoactivated and analyzed, as well as the potential mobility of photoactivated proteins to other subcellular locations. As for all types of fluorescence imaging, maintenance of cell viability is crucial for obtaining physiologically relevant results.
In principle, green-to-red photoconversion of fluorescent proteins such as mEos or Dronpa variants 12 constitutes an equally powerful method of following dynamics and turnover of subcellular structures such as the lamellipodium (see e.g., Burnette et al. 23 ). The advantage of the latter method as opposed to PA-GFP would be the possibility to follow protein dynamics before and after conversion with two distinct colors, without the need to co-express an additional red fluorescent protein. However, in our preliminary experiments, the extent of contrast change and intensity of fluorescent signal achieved upon photoactivation of PA-GFP was larger as compared to photoconverted probes, perhaps due to the superior spectral features of green versus red fluorescent probes (data not shown). In any case, detailed studies on actin filament turnover in cell-edge protrusions such as lamellipodia or Vaccinia virus-induced actin tails have so far only been published using PA-GFP derivatives 5, 6, 24 .
When considering which cell region to analyze following photoactivation, several factors should be taken into account, which are discussed using the specific example shown here (incorporation of actin monomers at the cell edge upon activation in the cytosol), but can certainly be extrapolated to various analogous scientific problems. First, when measuring the rate of lamellipodial incorporation of cytosolically photoactivated proteins, for instance, in distinct experimental conditions (as shown in Dimchev et al. 6 ), sizes of cytosolic regions and their distances to lamellipodial edges should be comparable between experimental groups. It is also important to consider that when photoactivating cytosolic regions, the cell thickness is greater in positions closer to the nucleus. Activating thicker cellular regions might result in higher amounts of activated proteins, given that the distribution of the protein to be activated is homogenously distributed in the cytosol. Lastly, expression levels of the protein to be activated can certainly be highly variable in individual cells. Due to all these considerations of variability, it is crucial to compare incorporation levels of cytosolically activated proteins elsewhere in the cell relative to the total fluorescence obtained upon activation in the specific regions.
We have described how microinjection can be used as a tool for investigating the effects of proteins on cell morphology and have exemplified this by demonstrating the potent induction of lamellipodial structures in NIH3T3 fibroblast cells microinjected with the small GTPase Rac1. We have previously applied this technique to interfere with Arp2/3 function in cells microinjected with the C-terminal WCA domain of Scar/ WAVE 3 . Various parameters in microinjected cells can be analyzed by other assays, such as FRAP or photoactivation. We have described how FRAP and photoactivation can be employed for investigating the subcellular dynamics and mobility of actin monomers. FRAP has been used by our group previously 5 to investigate the turnover of proteins localizing to lamellipodia, such as VASP, Abi, cortactin, cofilin, and capping protein, or for elucidating the turnover of components in focal adhesions in the presence and absence of Rac signaling 4 . Moreover, measuring actin polymerization rates can be accomplished by photobleaching EGFP-tagged β-actin 5 , but alternative methods exist. Tracking fluorescent inhomogeneities as seen by live cell imaging-compatible probes labeling cellular actin filaments, such as Lifeact 25 , can also be employed 6, 26 . The advantage here is that the overexpression of β-actin can be avoided, which is capable of increasing cell edge protrusion and migration, and thus potentially interferes with the specific assay or experimental question (see e.g., Kage et al. 26 ; Peckham et al. 27 ). However, a distinct disadvantage of the Lifeact probe constitutes its rapid on/off kinetics of binding to actin filaments, so that bleaching of actin filament structures labeled by Lifeact in cells provides information only on the probe turnover, but not the turnover of the actin filaments, to which it binds 25 . The tracking of fluorescence inhomogeneities employed previously 6, 26 does provide a practical compromise, much similar to the widely used tracking of fluorescence speckles incorporated into filamentous cytoskeletal structures (see e.g., Salmon and Waterman 28 ), but may not be as straight forward to use and as precise as FRAP of EGFP-tagged F-actin structures. Photoactivation has been applied by us for estimating the rates of monomeric actin incorporation into protruding lamellipodia, as well as its mobility throughout the cytosol, in the context of experimentally tuned cytosolic F-actin levels 6 . The technique is useful when examining mobility and distribution of proteins derived from relatively large areas, such as cytosolic regions. However, examining the distribution of proteins derived from relatively small photoactivated structures; e.g., growth cones might be challenging due to the low numbers of fluorescent molecules activated, weak signals, and thus lack of sensitivity. Potential alternative techniques to photoactivation or photoconversion of fluorescence (see above) may include inverse FRAP, which relies on photobleaching the entire cell except the ROI, followed by tracking the mobility of fluorescent molecules away from this region. The technique does not require overexpressing photoactivatable versions of proteins, but will always involve exposure to an unusually high dose of laser power, potentially causing undesired side effects such as photodamage.
Clearly, photoactivation and FRAP cannot distinguish whether proteins are moving as monomers, dimers, or even small oligomers, and whether they move in combination with additional binding partners. Information of that kind can be obtained instead from fluorescence correlation spectroscopy techniques 29 or, alternatively, FLIM-FRET 30 . Nonetheless, FRAP and photoactivation constitute straightforward approaches to directly assess local and global protein dynamics in cells, irrespective of the protein of interest, subcellular location, or cell type studied.
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